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Stat3 Binds to mtDNA and Regulates Mitochondrial
Gene Expression in Keratinocytes
Everardo Macias1, Dharanija Rao1, Steve Carbajal1, Kaoru Kiguchi1 and John DiGiovanni1,2
The nuclear transcription factor signal transducer and activator of transcription 3 (Stat3) has recently been
reported to have a localized mitochondrial regulatory function. Current data suggest that mitochondrial Stat3
(mitoStat3) is necessary for maximal mitochondrial activity and for Ras-mediated transformation independent of
Stat3 nuclear activity. We have previously shown that Stat3 has a pivotal role in epithelial carcinogenesis.
Therefore, the aim of the current study was to determine the role of mitoStat3 in epidermal keratinocytes. Herein,
we show that normal and neoplastic keratinocytes contain a pool of mitoStat3. EGF and 12-O-tetradecanoyl-
phorbol-13-acetate induce Stat3 mitochondrial translocation mediated through the phosphorylation of Stat3 at
Ser727. In addition, we report that mitoStat3 binds mtDNA and associates with the mitochondrial transcription
factor A. Furthermore, Stat3 ablation resulted in an increase of mitochondrial-encoded gene transcripts. An
increase in key nuclear-encoded metabolic genes, PGC-1a and NRF-1, was also observed in Stat3-null
keratinocytes; however, no changes in nuclear-encoded electron transport chain gene transcripts or mtDNA
copy number were observed. Collectively, our findings suggest a heretofore-unreported function for mitoStat3 as
a potential mitochondrial transcription factor in keratinocytes. This mitoStat3–mtDNA interaction may represent
an alternate signaling pathway that could alter mitochondrial function and biogenesis and have a role in
tumorigenesis.
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INTRODUCTION
The signal transducer and activator of transcription (Stat)
proteins (i.e., Stats 1, 2, 3, 4, 5a, 5b, and 6) regulate numerous
cellular functions, including survival, proliferation, migration,
and differentiation in response to a wide spectrum of stimuli
(Levy and Darnell, 2002). Classically, activation of Stats
occurs after cytokine stimulation of cell surface receptors via
Janus-associated kinases, and thereby coined as the Janus-
associated kinase-Stat pathway. Tyrosine phosphorylation of
Stats by Janus-associated kinases facilitates homodimerization,
and in some cases heterodimerization, followed by nuclear
translocation, where Stat dimers bind to and regulate the
expression of target genes (Levy and Darnell, 2002). Stat3 was
originally identified as an IL-6-dependent transcription factor
that promotes acute-phase gene expression (Zhong et al.,
1994). Subsequent studies have shown Stat3 activation by
various cytokines and growth factors, including leukemia inhi-
bitory factor, epidermal growth factor, hepatocyte growth
factor, and the hormone leptin (Bromberg and Darnell,
2000). In addition, there is strong evidence correlating Stat3
activation and cancer. Stat3 is found to be constitutively
activated in cells transformed by the oncogenes v-Src and
v-Abl, as well as in various human cancers, including
hematologic, pancreatic, breast, head and neck, and prostate
cancer (Bowman et al., 2000; Turkson and Jove, 2000).
Although most reports have attributed the oncogenic
function of Stat3 to Tyr705 activation, serine phosphoryla-
tion at residue 727 is necessary for maximal Stat3
transcriptional activity in vivo and is also linked with certain
cancers (Wen et al., 1995; Shen et al., 2004; Yang et al.,
2005; Yeh et al., 2006; Qin et al., 2008; Hazan-Halevy et al.,
2010).
Previous work from our group has shown that Stat3 has an
important role in epithelial carcinogenesis, including both
two-stage chemical and UVB–induced skin carcinogenesis
through its ability to regulate a number of nuclear-encoded
genes (Chan et al., 2004a, 2004b, 2008; Kim et al., 2007,
2009a, 2009b; Sano et al., 2008). Apart from its well-
documented role as a nuclear transcription factor, a role for
Stat3 has recently emerged in the mitochondria (Wegrzyn
et al., 2009). Stat3 was found to interact with electron trans-
port chain (ETC) components, complex I and II (Wegrzyn
et al., 2009). In this regard, tissue-specific knockout of Stat3 in
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cardiomyocytes and astrocytes reduces the activity of complex
I and II of the mitochondrial ETC (Boengler et al., 2010;
Sarafian et al., 2010; Szczepanek et al., 2012). Impaired mito-
chondrial function is rescued by add-back of mitochondrial-
targeted Stat3 (MLS-Stat3) in primary cells (Wegrzyn et al.,
2009). Phosphorylation of Stat3 at Ser727 residue appears to be
necessary for Stat3 mitochondrial localization and its capacity
to modulate mitochondrial respiration (Wegrzyn et al., 2009).
However, the ratio of Stat3 to ETC components (I/II) is
approximately 105 in cardiomyocytes, and a direct protein
interaction with ETC components in the regulation of
mitochondrial respiration has been deemed unlikely (Phillips
et al., 2010). In other studies, Gough et al. (2009) reported
that mitochondrial Stat3 has a role in Ras-mediated cellu-
lar transformation. Collectively, the current data suggest
that Stat3 has a role in promoting mitochondrial func-
tion and cellular metabolism and may have a role in
tumorigenesis.
Given the role of Stat3 in epithelial carcinogenesis and the
emerging role of mitochondrial-localized Stat3 (hereafter
referred to as mitoStat3), we asked whether mitoStat3 has a
role in epithelial carcinogenesis. To address this question, the
current study was undertaken to explore the function of
mitoStat3 in keratinocytes.
RESULTS
Stat3 in keratinocyte mitochondria
To investigate whether keratinocytes contain mitoStat3, we
initially used MitoTracker red and stained for Stat3 in
methanol-fixed mouse 3PC keratinocytes grown in culture.
As shown in Figure 1a, Stat3 colocalized with MitoTracker red
in 3PC cells, as shown by cells with an orange to yellow hue.
To determine whether Stat3 localizes to mitochondria in vivo,
we conducted double immunocytochemical staining for the
mitochondrial marker cytochrome c oxidase subunit IV (COX
IV) and Stat3 in paraffin-embedded sections of untreated
mouse skin. As detected by confocal microscopy, Stat3 and
COX IV were colocalized in epidermal keratinocytes
(Figure 1bi–viii). Moreover, Stat3 colocalized with COX IV
in the epithelial cells of squamous cell carcinomas derived
from a two-stage (7,12-dimethylbenz[a]anthracene/12-O-tet-
radecanoylphorbol-13-acetate (DMBA/TPA)) chemical carci-
nogenesis protocol (Figure 1bix–xii). To test these initial
observations in a more rigorous manner, western blot analyses
were performed on lysates from mitochondrial-enriched frac-
tions isolated via a differential centrifugation method. Con-
sistent with our immunocytochemical experiments, western
blot analyses showed retention of Stat3 in mitochondrial
fractions isolated from adult mouse primary keratinocyte
cultures (Figure 1c) and in vivo from mouse epidermal
scrapings (Figure 1d). In addition, mitochondrial fractions
from liver and heart tissues showed retention of Stat3,
consistent with previously published reports (Gough et al.,
2009; Wegrzyn et al., 2009; Boengler et al., 2010). It is
important to note that despite having a relatively low
mitochondrial load (COX IV), relative to the heart and liver,
epidermal keratinocytes contained a comparable amount of
mitoStat3 in vivo (Figure 1d).
Regulation and mitochondrial translocation of phosphorylated
Stat3Ser727 in keratinocytes
In light of the fact that phosphorylation of Stat3 on Ser727 (p-
Stat3Ser727) is required for mitoStat3 localization, we examined
the kinetics of Stat3Ser727 phosphorylation in keratinocytes.
Western blot analyses of lysates from primary keratinocytes
showed that p-Stat3Ser727 levels are induced within 15 minutes
of treatment with either EGF or TPA, but not with IL-6
(Figure 2a). In contrast, we did not detect any immediate
induction of p-Stat3Tyr705 levels with either EGF or TPA, as
was the case with IL-6 treatment. Both human NCTC 2544
and mouse JB6 cells also showed comparable Ser727 phos-
phorylation kinetics (data not shown). To test whether Ser727
phosphorylation affected mitoStat3 levels, mitochondrial
lysate fractions were isolated from primary keratinocytes
1 hour after treatment with EGF and, TPA and analyzed. As
shown in Figure 2b, treatment with EGF or TPA increased the
amount of total Stat3 and p-Stat3Ser727 levels in mitochondrial-
enriched fractions in comparison with untreated controls.
The phorbol ester tumor promoter, TPA, stimulates rapid
activation of protein kinase C (PKC) (Weinstein, 1985). PKCd
and PKCe are reported to bind and directly phosphorylate
Stat3 Ser727 in mouse epidermal keratinocytes (Gartsbein
et al., 2006; Aziz et al., 2007a, 2007b). In addition, both
PKCd and PKCe have been previously shown to reside in and
regulate mitochondria function (Li et al., 1999; Ardehali,
2006; Budas and Mochly-Rosen, 2007). Therefore, the
possible role of PKCs in TPA-induced mitochondrial
translocation of Stat3 was examined. To test this role, we
first analyzed the effects of the pan-PKC inhibitor bisindol-
ylmaleimide I (Bim-1) on Stat3 phosphorylation. As shown in
Supplementary Figure 1A online, pretreatment with Bim-1
inhibited the increase of p-Stat3Ser727 levels induced by TPA.
In addition, pretreatment with Bim-1 reduced the basal level
of p-Stat3Tyr705 and also reduced levels at 2 and 4 hours
following treatment with TPA. In contrast, phosphorylation of
Stat3Tyr705 by IL-6 was not inhibited by Bim-1. Mitochondrial
lysates from primary keratinocytes pretreated with Bim-1
followed by TPA treatment for 1 hour showed a decreased
level of p-Stat3Ser727 and total Stat3 compared with mitochon-
drial fractions from cells treated only with TPA (Figure 2c).
Consistent with previous reports, we detected an association
of Stat3 with PKCd and PKCe in whole-cell extracts of cultured
JB6 cells (Supplementary Figure S1 online). To test whether
PKCs associated with Stat3 in mitochondria, we conducted
immunoprecipitation analyses of mitochondrial lysates. As
shown in Figure 2d, PKCe, but not PKCd, was bound to
mitoStat3 following treatment with TPA. The association of
mitoStat3 and PKCe in mitochondrial-enriched fractions from
TPA-treated cells was inhibited by pretreatment with Bim-1.
Stat3 binds to mtDNA
To determine whether mitoStat3 exists in a monomer and/or
dimer state, immunoprecipitations of whole-cell and mito-
chondrial lysates from NCTC 2544 cells were performed with
a mouse anti-Stat3 antibody, followed by immunoblotting
with a rabbit anti-Stat3 antibody. As shown in Figure 3a,
protein bands at approximately 90 and 180 kDa were detected
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in Stat3 pull-downs from whole-cell lysates, as well as mito-
chondrial-enriched fractions, following a longer exposure,
suggesting Stat3 dimer formation in keratinocyte mitochondria.
Furthermore, examination of mouse and human (not shown)
mtDNA sequence revealed multiple generic Stat- or GAS
(TTN4–6AA)-binding sequences within the regulatory d-loop
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Figure 1. Signal transducer and activator of transcription 3 (Stat3) in keratinocyte mitochondria. (a) Mitochondrial localization of Stat3. Mouse 3PC keratinocyte
cells were incubated with MitoTracker for 15 minutes, and then permeabilized and stained for Stat3 (green). Bars¼50mm. (b) Colocalization of Stat3 and
mitochondrial marker cytochrome c oxidase subunit IV (COX IV) in vivo. (i–viii) Mouse skin and (ix–xii) squamous cell carcinoma sections were coimmunostained
with mouse anti-Stat3 (green) and rabbit anti-COX IV (red). Bars¼ 50mm. (c) Detection of Stat3 in mitochondrial-enriched fractions. Western blot analysis of
mitochondrial fractions from primary culture of adult mouse keratinocytes and (d) analysis of mitochondrial Stat3 (mitoStat3) in vivo. Mitochondrial fractions from
mouse heart (Hrt), liver (Liv), and skin epidermal cells (Epi). Actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as cytoplasmic markers,
whereas COX IV was used as a mitochondrial marker (lighter (low) and darker (high) exposures are shown). Cyto, cytoplasmic fraction; Mito, mitochondrial
fraction; WCE, whole-cell extract.
E Macias et al.
Mitochondrial Gene Expression in Keratinocytes
www.jidonline.org 1973
region (Supplementary Figure S2 online). Given these data,
we examined whether mitoStat3 binds to mtDNA. To test this,
a double-labeling immunocytochemical experiment was
conducted, probing for endogenous Stat3 and BrdU-labeled
mtDNA in NCTC 2544 keratinocytes. As shown in Figure 3b,
Stat3 colocalized with BrdU-labeled mtDNA. To further
substantiate mitoStat3–mtDNA binding, a chromatin immuno-
precipitation (ChIP) assay was conducted using purified
mitochondrial fractions obtained from mouse epidermal
keratinocytes. In accordance with the double-labeling experi-
ment, PCR analyses of Stat3-mtDNA pull-downs using primers
spanning potential Stat-binding/GAS sequences in the regula-
tory d-loop region showed binding of Stat3 (Figure 3c).
Binding of a constitutively active/dimerized Stat3 mutant to
mtDNA was also observed in mitochondrial ChIP analyses of
mitochondria from keratinocytes of BK5.Stat3C transgenic
mice (Supplementary Figure S3 online). Interestingly, Stat3
bound weakly, at background levels, in Stat3-mtDNA pull-
downs from liver mitochondrial lysates. In fact, reverse-
transcriptase–PCR analyses showed that mitoStat3 in kerati-
nocytes occupied the mtDNA d-loop region approximately
3–6-fold higher compared with mitoStat3 from the liver
(Figure 3d). In contrast, the mitochondrial transcription factor
A (TFAM), which was used as a positive control, was bound at
similar levels to mtDNA from both liver and epidermal
keratinocytes.
MitoStat3 binds to TFAM and throughout the mitochondrial
genome
Given the data in Figure 3 showing that Stat3 binds to the
mtDNA d-loop regulatory region, the association of Stat3 with
TFAM, which is known to bind and regulate mtDNA replica-
tion and transcription, was evaluated (Campbell et al., 2012).
TFAM and Stat3 colocalized in epidermal keratinocytes of
both control (acetone-treated, i–iv) and hyperplastic (TPA-
treated, v–viii) skin sections (Figure 4a). Colocalization of
TFAM and Stat3 was observed in the basal cell layer of the
epidermis (proliferative compartment), which was increased in
the hyperplastic epidermis. Immunoprecipitation experiments
of whole-cell lysates and mitochondrial-enriched fractions
from NCTC 2544 cells with an anti-TFAM antibody showed
an association with Stat3 (Figure 4b). In addition, similar pull-
down experiments of cytoplasmic and mitochondrial-enriched
lysates from Stat3fl/fl and HK5Cre.Stat3fl/fl primary keratino-
cytes (negative control) showed clear co-immunoprecipitation
of Stat3 (Figure 4c). Although TFAM binds to sequence-speci-
fic sites, it also has nonspecific DNA-binding activity and is
bound randomly to the majority of mitochondrial genomic
DNA (Kanki et al., 2004; Campbell et al., 2012). Given our
observed TFAM–Stat3 interaction, we conducted a mitochon-
drial genome-wide ChIP assay for Stat3–mDNA complexes.
Primer pairs spanning the entire 16.3-kb mouse mitochondrial
genome were designed to amplify approximately every
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Figure 2. Phosphorylation and translocation of mitochondrial signal transducer and activator of transcription 3 (mitoStat3). (a) Kinetics of Stat3 phosphorylation.
Primary keratinocytes were treated and harvested as indicated. Cell lysates were probed for phospho-Stat3Y705 and Stat3S727; Stat3 and actin were used as loading
control. (b) Mitochondrial translocation of Stat3 in mouse keratinocytes. Primary keratinocytes were treated as indicated for 1 hour before mitochondrial
cellular fractionation. Actin and cytochrome c oxidase subunit IV (COX IV) were used as loading controls. (c) Bisindolylmaleimide I (Bim-1) inhibits mitochondrial
serine phosphorylation of mitoStat3. Primary mouse keratinoctyes were treated with DMSO (control), 12-O-tetradecanoylphorbol-13-acetate (TPA) (680 nM),
or pretreated for 1 hour with Bim-1 and then treated with TPA for 1 hour. (d) Protein kinase Ce (PKCe) association with mitoStat3. Mitochondrial lysates
treated as above were immunoprecipitated with rabbit antibodies against PKCe or PKCd and immunoblotted with a mouse anti-Stat3 antibody.
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300–400 bp of mtDNA (Supplementary Table S1 online). As
shown in Figure 4d, PCR analyses demonstrated that Stat3
binds various sites throughout the mitochondrial genome. In
addition, we compared Stat3 and TFAM mtDNA binding
throughout the mitochondrial genome by quantitative reverse
transcriptase in real time. Although TFAM bound to a greater
extent to mtDNA, mitoStat3 binding to mtDNA followed a
similar pattern (Figure 4e).
Stat3 regulation of mitochondrial respiration and
mitochondrial-encoded genes
To further evaluate the function of mitoStat3, experiments
were conducted to determine whether the association of
mitoStat3 with mtDNA influences mitochondrial respiration
and transcription of mitochondrial-encoded genes. To test this,
Stat3 / primary keratinocytes from HK5Cre.Stat3fl/fl mice
were used and compared with keratinocytes from wild-type
mice. Using a resazurin dye–based method (Figure 5a) and
a Clarke-type oxygen polarographic method (Figure 5b),
mitochondrial respiratory chain activity was found to be
elevated in Stat3 / primary keratinocytes compared with
wild-type controls. Furthermore, we observed a significant
induction of mitochondrial-encoded cytochrome b (Cyto B)
and NADH dehydrogenase 5 (ND5) mRNA transcripts in
Stat3 / primary keratinoctyes, along with various other
mitochondrial-encoded genes (Supplementary Figure S4A
online), compared with wild-type controls (Figure 5c). In
addition, NADH dehydrogenase 6 (ND6), which is encoded
on the light strand (reverse strand) of the mitochondrial
genome, was also significantly upregulated in Stat3 /
primary keratinocytes (Figure 5c). TPA treatment further
induced the transcription of mitochondrial-encoded genes
Cyto B, ND5, and ND6 in Stat3 / primary keratinocytes.
In further experiments, the expression of nuclear-encoded
genes that could influence mitochondrial biogenesis was
analyzed (i.e., mTERF, PGC-1a, and NRF-1). Interestingly,
the expression of these genes was also induced by the loss of
Stat3 in primary keratinocytes (Supplementary Figure S4A
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online). However, no differences in the expression of the
nuclear-encoded mitochondrial proteins cytochrome c oxi-
dase subunit VIIIa (Cox8a) or cytochrome c oxidase subunit IV
(Cox4) were observed in Stat3 / keratinocytes compared
with wild-type keratinocytes (Figure 5b). Furthermore, no
difference in mtDNA copy number was observed in Stat3 /
keratinocytes compared with wild-type keratinocytes
(Supplementary Figure S4B online). Collectively, these results
suggest that mitoStat3 may regulate the transcription of
mitochondrial-encoded genes.
DISCUSSION
As noted in the introduction, recent data suggest that Stat3
functions in the mitochondria, possibly as an interacting
protein with ETC components (Gough et al., 2009; Wegrzyn
et al., 2009). However, this reported mitochondrial function
remains controversial, as there is a large disparity between the
molecular ratios of Stat3 and ETC components in some cell
types (Phillips et al., 2010). In this study, we provide evidence
for a previously unreported role of Stat3 in mitochondria in
keratinocytes. In this regard, we have shown that mitoStat3
binds to mtDNA, associates with TFAM, and appears to
regulate the expression of mitochondrial-encoded genes.
The data presented in this report demonstrate that mito-
chondria of epidermal keratinocytes (both in vivo and in
primary cell culture) contain a pool of Stat3. In addition,
mitoStat3 was detected in squamous cell carcinomas derived
from a two-stage skin carcinogenesis protocol. Compared with
the liver and heart, epidermal keratinocytes contain a rela-
tively low mitochondrial load, as shown by levels of the
mitochondrial marker COX IV (Figure 1c). However, western
blot analyses revealed that mitoStat3 protein levels were
similar between mitochondrial protein lysates obtained from
these three tissues. Consequently, keratinocytes contain
greater amounts of Stat3 per mitochondria as compared with
cells that are more abundant for mitochondria. In addition,
treatment of primary keratinocytes with TPA or EGF increased
the levels of p-Stat3Ser727 and induced mitochondrial translo-
cation of Stat3. Increased p-Stat3Ser727 levels seen following
treatment with TPA were dependent on PKC activation, as
illustrated by inhibition using the pan-PKC inhibitor Bim-1.
PKCe, but not PKCd, was found to interact with Stat3 in
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mitochondrial fractions. In addition, PKC inhibition reduced
Stat3 mitochondrial localization, p-Stat3Ser727 levels, and
abrogated Stat3-PKCe association in mitochondria. These data
are consistent with previous publications showing the inter-
action of Stat3 with PKCe and PKCe-mediated phosphorylation
of Stat3 at Ser727 in mouse keratinoctyes treated with either
TPA or UVB irradiation (Aziz et al., 2007a, 2007b). Similar to
mitoStat3, PKCe has also been shown to interact with
components of the ETC in cardiomyocytes (Ardehali, 2006;
Budas et al., 2007; Szczepanek et al., 2012). These obser-
vations suggest a possible mitoStat3-PKC–dependent mito-
chondrial import mechanism in response to TPA treatment.
However, it is also possible that Stat3 is imported via a PKC–
independent mechanism and is phosphorylated by PKCe
within the mitochondria, as PKCs maintain kinase activity in
the mitochondria (Backer et al., 1986).
As shown in Figure 3, endogenous Stat3 homodimers, as
well as monomers, were observed by immunoprecipitation of
Stat3 from mitochondrial-enriched protein lysates, which
suggested that mitoStat3 is capable of binding mtDNA.
Consistent with this observation, a constitutively active/dimer-
ized Stat3 mutant (Stat3C) has recently been reported to
localize in the mitochondria of Stat3C knock-in mouse
embryonic fibroblasts (Demaria et al., 2010). In addition,
mitoStat3 colocalized with labeled mtDNA (as in Figure 3b),
and mitochondrial ChIP analyses showed binding of mitoStat3
to the mitochondrial d-loop, which is the regulatory region for
transcription of mtDNA (Scarpulla, 2008). Similarly, the
constitutively active/dimerized Stat3C mutant bound mtDNA
in mitochondria from BK5.Stat3C transgenic mice (Supple-
mentary Figure S3 online). These data are consistent with an
earlier publication showing that activated Stat3 binds to
mtDNA in human platelet mitochondria (Vassilev et al.,
2002). More recently, an mtDNA deoxyribonuclease I foot-
printing/protection assay showed that protected mtDNA
fragments aligned with the Stat3 consensus recognition
sequence in various cell lines (Mercer et al., 2011).
Collectively, these data show that mitoStat3 binds to mtDNA.
TFAM has both sequence-dependent and -independent
DNA-binding activity, and its abundance allows it to cover
the whole mitochondrial genome (Scarpulla, 2008). In this
regard, TFAM regulates mtDNA copy number and mito-
chondrial chromosome stability (Scarpulla, 2008). This
feature of TFAM may explain the observed binding of Stat3
throughout the mitochondrial genome. Another interesting
observation was that interaction between TFAM and Stat3
was also detected in cytoplasmic fractions from keratinocytes
in addition to mitochondrial fractions. Although TFAM is
predominantly a mitochondrial-localized protein, it is also
found outside the mitochondria (Pastukh et al., 2007). To
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represent mean±SEM (n¼ 4) (*P¼ 0.0265 calculated by Mann–Whitney U-test). (b) Oxygen consumption measured using Clarke-type electrode from Stat3fl/fl (Wt)
and HK5Cre.Stat3fl/fl (Stat3 / ) single-cell epidermal keratinocytes in Krebs–Ringer solution. Values represent mean±SEM (n¼ 3) (*P¼0.0480 calculated by
Mann–Whitney U-test). (c) Quantitative analysis of mitochondrial- and nuclear-encoded genes. Adult primary keratinocytes from Stat3fl/fl (Wt) and HK5Cre.Stat3fl/fl
(Stat3 / ) were treated with DMSO (control) or 680 nM 12-O-tetradecanoylphorbol-13-acetate (TPA) for 1 hour. Real-time quantitative PCR was carried out using
Sybr green on an ABI Viia 7 real-time–PCR system using the comparative Ct method. Triplicate samples were run in each experiment and averaged in individual
experiments. Values represent mean±SEM (n¼ 4) (*P¼ 0.0268 calculated by Mann–Whitney U-test).
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our knowledge, this interaction has not been reported
previously; however, TFAM has recently been shown to bind
the promoter region and regulate known Stat3 nuclear
target genes, including Survivin and Bcl-2 (Han et al., 2011;
Kurita et al., 2012). Whether or not TFAM associates with
nuclear Stat3 is undetermined. Nevertheless, our data
demonstrate that mitoStat3 binds to TFAM, as well as
throughout the mitochondrial genome, in a manner similar
to TFAM.
Last, our data show that mitoStat3 binding to TFAM and
mtDNA appears to have a functional role in keratinocyte
mitochondria. In this regard, loss of Stat3 resulted in an
increased level of mitochondrial respiratory chain activity in
primary keratinocytes. In addition, we observed a statistically
significant increase in mRNA levels of several mitochondrial-
encoded genes (e.g., Cyto B, ND5, and ND6) in Stat3 /
keratinocytes. The mitochondrial genome contains three
transcriptional start sites within the d-loop regulatory region,
HSP1, HSP2, and LSP (reverse strand) (Peralta et al., 2012).
Transcription from the HSP2 start site results in a polycistronic
mRNA that encodes the two rRNAs and 12 of 13 mitoc-
hondrial-encoded genes. Therefore, a uniform induction of
mitochondrial-encoded genes and rRNAs is expected.
However, despite their polycistronic origin, we did not
observe a uniform increase in mitochondrial transcripts. By
deep sequencing of mitochondrial RNA, Mercer et al. (2011)
have also recently observed a wide variation in mitochondrial
transcript abundance, and have shown that this is due to
transcript processing and mRNA maturation events. We also
observed an increase in nuclear-encoded mTERF, PGC-1a,
and NRF-1 in Stat3 / keratinocytes, which could induce
mitochondrial biogenesis and transcription. However, the lack
of induction of nuclear-encoded ETC component mRNAs
(e.g., COX IV and COXVIII), coupled with no changes in
mtDNA copy number in Stat3 / keratinocytes, supports the
conclusion that the increase in mitochondrial transcripts is due
to loss of mitoStat3 and not an increase in nuclear encoded
genes, PGC-1a or NRF-1.
The concept of a nuclear transcription factor having a
noncanonical role in the mitochondria is not entirely surpris-
ing (e.g., p53, IRF3, NF-kB and Stats) (reviewed in Szczepanek
et al., 2012). Evidence includes data showing binding of
mtDNA and gene regulation by nuclear transcription factors
such as NF-kB, CREB, and MEF2D (Lee et al., 2005;
Benavides et al., 2011; Johnson et al., 2011). In fact, similar
to mitoStat3, NF-kB was shown to negatively regulate
mitochondrial-encoded genes (e.g., cyotochrome c oxidase
subunit III (CoxIII) and Cyto B) (Cogswell et al., 2003; Johnson
et al., 2011). In addition, reduction of NF-kB resulted in
increased mitochondrial respiration, similar to our results seen
with the loss of Stat3 (Johnson et al., 2011). Stat5 also
translocates to leukemic T-cell mitochondria and is able to
bind mtDNA in vitro upon cytokine stimulation (Chueh et al.,
2010). Both Stat5 and NF-kB are known to associate with
Stat3; thus, it would be interesting to determine whether these
proteins associate with mitoStat3 and function cooperatively
in the regulation of gene expression in mitochondria (Novak
et al., 1996; Lee et al., 2008, 2009).
In closing, the current data demonstrate, to our knowledge,
a previously unreported role for mitoStat3 in keratinocytes.
We hypothesize that mitoStat3 is able to bind to and
potentially regulate mtDNA transcription, presumably through
the previously undescribed association with the mitochondrial
transcription factor TFAM, although we cannot rule out a more
direct mtDNA–binding mechanism at the present time.
Although the majority of mitochondrial proteins are encoded
in the nucleus, this pathway appears to represent a localized
transcriptional regulatory mechanism that can alter mitochon-
drial biogenesis and respiration. Both EGF and TPA induced
Stat3 mitochondrial translocation. Furthermore, TPA-induced
mitochondrial translocation of Stat3 is mediated by PKCe.
These data suggest a possible role for mitoStat3 in epidermal
proliferation and/or differentiation. Whether this function of
mitoStat3 has a significant role in epithelial tumorigenesis
remains to be further investigated.
MATERIALS AND METHODS
Primary keratinocyte isolation and cell culture
Primary mouse keratinocytes were isolated from 6- to 8-week-old
FVB or HK5Cre.Stat3fl/fl mice, as described previously (Dlugosz et al.,
1995). Primary keratinocytes were plated on collagen-coated plates
and maintained in complete keratinocyte growth medium consisting
of Eagle’s minimal essential base medium without Ca2þ
supplemented, as described previously (Dlugosz et al., 1995).
Human NCTC 2544 cells were grown in RPMI-1640 medium
supplemented with 10% fetal bovine serum. Mouse epidermal JB6
(Pþ ) epidermal cells were grown in minimum essential medium
supplemented with 5% fetal bovine serum.
Western blot analyses and co-immunoprecipitations
For straight western blot experiments, keratinocytes were lysed with
RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5% DOCS,
and 0.1% SDS). For co-immunoprecipitation experiments, cells were
lysed with 0.5% NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 50 mM
NaF, and NP-40). All lysis buffers were supplemented with protease
inhibitor cocktail, phosphatase inhibitor cocktail, and 1 mM dithio-
threitol just before use (Sigma-Aldrich, St Louis, MO). For antibodies
used, see Supplementary Materials and Methods online.
Subcellular fractionation and mitochondrial purification
A differential centrifugation subcellular mitochondrial fractionation
experimental procedure was adapted and modified from a previously
described method (Vander Heiden et al., 1997). For more details, see
Supplementary Materials and Methods online.
Mitochondrial respiratory chain activity
Adult primary keratinocytes were seeded on 12-well plates at
equal densities between genotypes. Stock solution of resazurin
(0.01% (w v 1)) was added to the cell culture medium and incubated
for 4 hours. Activity was measured by absorbance taken at 570 nm
minus the reference at 600 nm and adjusted to background
levels. Values were normalized to total mg of protein. Oxygen
consumption was also measured with a YSI 5300 oxygen monitor
equipped with a Clarke-type oxygen electrode (Yellow Springs
Instruments, Yellow Springs, OH) according to the manufacturer’s
instructions.
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Immunofluorescence staining and confocal microscopy
mtDNA labeling was facilitated by inhibiting nuclear DNA synthesis
with 20mM aphidicolin, followed by incubation with 15 mM BrdU
for 3 hours (Davis and Clayton, 1996). For more details on immuno-
fluorescence staining, see Supplementary Materials and Methods
online.
Mitochondrial ChIP assay
Pierce Agarose ChIP Kit (Rockford, IL) was used according to the
manufacturer’s protocol modified for mitochondrial ChIP assay. In
brief, mtDNA and mitochondrial proteins from intact mitochondrial
pellets were crosslinked with 1% formaldehyde. DNA fragmentation
was achieved enzymatically with micrococcal nuclease at 37 1C for
15 minutes according to the manufacturer’s instructions. Crosslinked
mitochondria were then lysed with 0.5% NP-40 lysis buffer, and
approximately 100mg of protein lysate was used for immunoprecipita-
tion with indicated antibodies at 4 1C overnight. ChIP-grade protein A
beads were subsequently added for 1.5 hours followed by wash steps
with wash buffers provided in the kit. Immunoprecipitations were
eluted with 150ml of IP elution buffer, followed by reverse crosslinking
by heating at 65 1C in 200 mM NaCl and proteinase K digestion (4mg).
DNA was recovered by using the DNA clean-up column. PCR
analysis was conducted using an ABI (Carlsbad, CA) thermocycler
for 28 cycles, and products were resolved by agarose gel.
Real-time PCR
Reverse transcription of mRNA was carried out according to the
manufacturer’s suggestions with 1mg of total RNA using the Super-
Script III First-Strand cDNA Synthesis Kit (Life Technologies, Carlsbad,
CA). Real-time PCR was carried out on an Applied Biosystems
(Carlsbad, CA) ViiA 7 Real-Time PCR system using Sybr green dye
and analyzed using the comparative CT method. For more details, see
Supplementary Materials and Methods online.
Statistical analyses
For comparison of mitochondrial respiratory chain activity and
analyses of gene induction by real-time PCR, Mann–Whitney U-test
was used. Statistical analyses were conducted using the GraphPad
Prism 4 software (GraphPad, La Jolla, CA).
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